A technique is described to determine the orientation of a crystal from a single oscillation photograph. This procedure is particularly useful for crystals that are so radiation sensitive that stills can be taken neither before nor after the single oscillation data exposure. It also ensures optimal use of synchrotron radiation, as all available time is then used to collect data photographs, while no time is wasted in obtaining setting photographs or in correcting the crystal orientation. The method is based on correlating the unique set of calculated normals to reciprocal-lattice planes with the observed zone axes on the oscillation film. Although the method was developed to allow processing of films taken of radiation-sensitive Mengo virus crystals, it can equally well be used to analyze any film of a crystal with unknown orientation.
Introduction
Orthorhombic crystals of Mengo virus (Luo et al., 1987) are very radiation sensitive. With a rotatinganode X-ray source, the crystals deteriorate in one to two hours and the diffraction pattern extends at best to only 6 • resolution. By contrast, an excellent 0.3 ° oscillation photograph can be taken in 1-25 min with synchrotron radiation, the pattern extending to well beyond 2-6 A resolution. However, the crystals are completely 'dead' less than one minute after the completion of such an exposure, thus precluding the possibility of taking time for initial setting photographs to determine suitable goniometer-arc adjustments. Hence, the method described by Rossmann & Erickson (1983) for determining the crystal setting from two orthogonal 'stills' cannot be applied. Instead, the information on the oscillation data films itself must be used to determine the orientation of randomly set crystals.
In principle it should be possible to determine the lattice and crystal orientation from a single photograph given the accurate position of six or more *Present address: Department of Structural Chemistry, University of Groningen, Nijenborgh 16, 9747 AG Groningen, The Netherlands.
indexed reflections with non-common indices. In practice, however, reflection indices are not available until after processing the oscillation film, and therefore this does not provide a viable strategy. Some graphical procedures have been described which depend on at least an approximate knowledge of the crystal setting (Dumas & Ripp, 1986; Sarma, McKeever, Gallo & Scuderi, 1986 ). The method described here depends on recognizing a number of zone axes on an oscillation photograph, each being the focal point of a set of elliptical lunes. The angles between these axes can then be matched with angles between all reasonable (low-indexed) zone axes of the crystal, given a knowledge of the unit-cell dimensions. This permits the probable indexing of the observed zone axes from which the crystal setting matrix [A] can be computed. The latter is defined as
where I-A] is a 3 x 3 matrix which relates the reflection indices h (h, k,/) to the reciprocal-lattice coordinates (x, y, z) of the reflection referred to orthogonal axes, when the crystal is in its standard position defined by a spindle-axis setting % = 0 (Rossmann, 1979) . For the purpose of the discussion here, since there is no significance to a 'standard' orientation when crystals are mounted randomly, the oscillation range for a crystal will be considered to occur from q~r = 0 to %, = A q~. That is, the standard setting will be the setting of the crystal at the beginning of its oscillation range.
The angle between low-order zone axes
A family of parallel planes in reciprocal space can be defined by the inverse Miller indices (u, v, w) (Fig. 1) . Such planes will create a set of ellipses on a 'still' diffraction photograph. If the crystal is oscillated about an axis, then the ellipses spread out and form a set of lunes each containing an image of a distorted reciprocal-lattice plane. The zone axis, perpendicular to the reciprocal-lattice planes, will intersect the film at the focus of the family of ellipses. Provided the oscillation range is limited and the unit-cell dimensions are large (say above 150 A), a number of zone axes can usually be spotted on a typical film (Fig. 2) . respectively. Consider the plane ABC intersecting the reciprocal axes at A, B and C. Let the normal to this plane be S (Fig. 1 ). Hence
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where a/"~, b "~, "~ are unit vectors along a*, b*, c*, respectively. But a ''~ x"~ = ¢z sin ),* etc., where fi, 6,/z are unit vectors along a, b, c, respectively. It follows that
where A = ub*c* sin ~*, B = re*a* sin/3",) (Donnay & Donnay, 1967 If it is assumed that indices of observed axes are invariably less than or equal to +_3 (say), then the number of possible zone axes will be 7 3 . However, some of these can be eliminated as u v w and nu nv nw (where n is an integer) represent the same zone axis. Thus the number of possible angles between these zone axes is a little less than half of (73) 2, or roughly 6 x 104.
Identification of the observed zone axes
The set of angles between the low-order zone axes (Sp and Sq), computed from known crystal dimensions, must be matched with the angles between observed zone axes (Pi and Pj). The quality of match will depend on the accuracy of the measurements that determined the observed direction cosines, as well as the accuracy of the crystal cell dimensions. A useful criterion, Q, of match was found to be the root-meansquare error between observed and calculated angles, i.e.
N N Here it is assumed that the ith observed zone axis has been matched with the pth calculated zone axis and the jth observed zone axis has been matched with the qth calculated zone axis. The weights ~oi and ~o~ represent an estimate of the precision with which the zone-axis direction cosines of Pi and P~ have been measured. The summations in (5) are taken over the N angles between the observed zone axes. That is, if there are K observed axes, then N = k(k-1). The problem of selecting axes from the 73 , or even 93 , computed zone axes to match with the observed axes is not trivial. An algorithm sometimes used by chess-playing programs was adapted for this purpose. The first step searches for pairs of 'reasonably' matched observed zone axes and calculated zone axes. The term 'reasonable' relates to additional information. For instance, the maximum inverse Miller index of an observed zone axis might be limited by observation of the larger distances between sequential lunes, specific recognition of a zone axis from knowledge of the crystal morphology or a measurement of the spacing between lunes (Rossmann & Erickson, 1983) . Further, the criterion Q for any pair of acceptably matched zones must be less than a prestated angle, typically 1.5 or 2.0 °. In the next step a 'reasonable' third zone axis is added to the previously selected observed pairs. This will cause a number of initially selected pairs to be rejected as no further axis is found that matches the observed set, although more than one choice of third axis may fit any previously accepted pair. The procedure can now be repeated until all observed zone axes are included. This, however, may still leave a number of acceptable matches, which can be arranged in ascending order of the Q criterion.
Many solutions can be readily eliminated because they are symmetry related (symmetry-related solutions will have identical Q values and can therefore be easily spotted). In addition, computation of angles between normals obliterates the handedness of the solution. Thus for every acceptable solution there will occur an unacceptable solution of equal Q which has the opposite hand to the selected set of observed zone axes. The solutions with wrong hands are eliminated by accepting only those which permit the superposition of the observed and calculated zone-axis vectors.
Determination of crystal setting matrix [A]
The crystal orientation can be described with respect to the camera axes, once the observed zone axes Pi have been associated with the inverse Miller indice~ of the zone axes S~,. If the crystal were placed initially with an orthogonalized set of crystal axes a, b, c along the corresponding camera axes (x, y, z), then it would need rotation by [R] to match the orientation of the actual crystal. Thus
where [R] is a rotation matrix, [~] is an orthogonalization matrix (Rossmann & Blow, 1962) 
Here ogi is a weight which depends on an estimate of the accuracy with which the position of Pi(obs.) had been determined. Procedures for superposition of the set of points S v onto the points Pi(obs.) have been discussed by Rao & Rossmann (1973) , Rossmann & Argos (1975) , Kabsch (1976) and Hendrickson (1979 
With this approximate determination of [A] it should now be possible to refine [A] using the convolution technique (Rossmann, 1979) . Nevertheless, there may be a number of possible solutions depending on the accuracy and number of observed zone axes. Each plausible solution can be tested separately. The r.m.s, deviation between observed and calculated reflection positions has been found to be a good measure of the quality of fit. Usually the r.m.s. deviation is less than 0.3 raster steps. However, even then there may be a number of equally good solutions. For instance, the 23 Laue class is indistinguishable from the 432 Laue class of the cubic system. Hence the former must always give two equally good solutions related by a fourfold axis, although only one of these can be correct. In this case the correct solution can be found only by comparing the integrated intensities with previously indexed and measured films in order to attain a consistent indexing system.
Results
The initial determination of the crystal orientation corresponding to a Mengo virus diffraction pattern (Fig. 2) is described here. The film shown in Fig. 2 was produced by a 0"3 ° crystal oscillation. The crystals were known to be orthorhombic (Luo et al., 1987) with a = 441.4, b = 427.3, c = 421-9 ,A,. Seven distinct zone axes could be recognized, identified by the numbers 1 through 7. The positions of these observed zone axes on the film and the pairwise angles between them are given in Table 1 .
All possible zone axes in the range -4 < u < + 4, -4 _< v _< + 4, -4 _< w _< + 4 were.considered in finding the possible identity of the observed zone axes. Solutions which differed by more than 1.5 ° between observed and calculated zone-axis pairs were rejected. There were only four possible solutions [(a), (4), (b) and (b) in Table 2 ], with a root-mean-square deviation between observed and calculated inter-zone axial angles of 0.19 [(a) and (4) (4) and (b) were the opposite hands of the solutions (a) and (b). The resultant two unique solutions differed only in that the b and c axes were interchanged. As the b and c axes are almost identical for Mengo virus crystals, it is almost inevitable that there are two roughly equally good solutions at this stage. It is possible to differentiate between these by using additional physical information such as crystal morphology or agreement of intensities on the film with a standard intensity set.
At this stage it remained unknown whether the two solutions shown in Table 2 are real solutions [(a) and (b)] or inversions [(6) and (~)]. It is possible to differentiate between these by attempting to rotate the calculated zone-axial directions into the (now identified) observed set. A wrong-handed solution cannot fit into the observed set. Table 3 shows that solutions (a) and (~) are acceptable with a r.m.s, deviation between the calculated rotated set and the observed set of less than 1.1 °. By contrast the wrong-handed solutions have a r.m.s, error greater than 21 °. Furthermore, since an inversion was required (hkl--,hlk) in going from solution (a) to (b) (Table 2), it follows that there is no inversion between solutions (a) and (4). The two solutions are distinguishable only by inspection of crystal morphology or intensities. Table 3 also lists the angles between the crystal and camera axes for each of the solutions, which is useful as an approximate check on the computation of the [A] matrices (Rossmann & Erickson, 1983) .
The final recognition of the correct matrix was achieved from a crude knowledge of the crystal Table 4 shows an analysis of each of the two solutions for their 5q~,,, 5~o v, 609~ angles with respect to all possible symmetry-related positions. It is seen that solution (b), with symmetry operation (xyz), is the best solution with small 6q~x and 6~oz. Furthermore, the 5%. angle was thought to be close to zero, consistent with this solution.
Concluding remarks
The method described here depends heavily on an accurate determination of the inner focal points of ellipses on the film, from which the orientations of zone axes are calculated. In addition, the greater the number of recognizable zone axes on a film, the better will be the discrimination between different solutions. Both these parameters will be influenced by the film quality, the oscillation range (the greater the range, the greater the overlap of the lunes and the more difficult it becomes to recognize focal points), the cell size (the larger the cell the easier it is to pick out continuous ellipses around a focus), and the actual crystal orientation. The method has been used successfully for crystals with cell dimensions greater than 300 A. Zone axes are easily visible on Laue photographs as the convergence of distorted reciprocal-lattice lines. Hence, the procedures described here should be particularly suitable for the interpretation of Laue photographs, a technique currently being explored for macromolecular data collection (Moffat, Szebenyi & Bilderback, 1984) .
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